O value indistinguishable from "normal" upper mantle, there is a more widespread effect of lithospheric contamination in melts than previously thought.
Introduction
To infer the chemistry of Earth's mantle from erupted lavas, it is essential to differentiate the signatures of melt/rock interactions in the crust from those of recycled refractory crustal materials entrained in the mantle. Oxygen isotope compositions of minerals such as olivine in lavas are uniquely suited for this task, because many crustal materials have oxygen isotope ratios that differ from the relatively constant mantle value (average upper mantle olivine = 5.0-5.4‰, Eiler 2001; Mattey et al. 1994) due to weathering at low temperatures (< 200 °C) and water-rock interaction at high temperatures (> 300 °C). As a result, deviations in δ 18 O 1 values in erupted lavas from the upper mantle range indicate the presence of or interaction with crustal material shallow enough to have been exposed to the atmosphere or have been infiltrated by surface fluids. Olivine is ideal to record the effects of this Communicated by Jochen Hoefs.
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Ocean island basalts (OIB) display a wider range of δ 18 O values than mid-ocean ridge basalts (Eiler 2001; Harmon and Hoefs 1995) . The large range of δ 18 O values has been explained as a result of contamination by either meteoric water/seawater interaction with basalts or interaction of lavas with hydrothermally altered lower ( 18 O-depleted) and/or upper oceanic crust ( 18 O-enriched) . The variable δ 18 O signature can be acquired as melts pass through the lithosphere or due to the presence of recycled oceanic crust in the mantle source (e.g., Bindeman et al. 2006; Eiler 2001; Kent et al. 2004; Taylor and Forester 1979; Wang et al. 2010; Wang and Eiler 2008; Workman et al. 2008) . Correlations among oxygen isotope compositions of olivines, and major elements, volatiles, radiogenic isotopes and trace element ratios of the hosting basalts are essential to distinguish between different sources. Variable δ 18 O values are present in the mantle and shallow crust and can constrain compositions of mantle plumes, but also reveal details of the magmatic plumbing system.
The lavas from Galapagos archipelago are interpreted to originate from a mantle plume with four isotopically distinct end-members (e.g., Blichert-Toft and White 2001; Harpp and White 2001; Saal et al. 2007; White et al. 1993) . These components manifest themselves in lavas from the northern, western, southern, and central/eastern regions of the archipelago (Fig. 1) . In the west, lavas of Fernandina are characterized by high 3 He/ 4 He isotope ratios ( Fig. 2 ; Graham et al. 1993; Kurz et al. 2009; Kurz and Geist 1999) , which is generally assumed to reflect a relatively undegassed, volatile-rich primitive mantle (Farley et al. 1992; Hanan and Graham 1996; Hart et al. 1992; Kurz et al. 1982) . A MORB-like component (i.e., depleted mantle) is concentrated in the central and eastern regions and anchored by the composition of lavas of Genovesa, though it can be found across the archipelago (Geist et al. 2005; Harpp et al. 2002 Harpp et al. , 2003 . In the north and south, lavas from Pinta and Floreana display enrichments in trace elements in addition to radiogenic isotope signatures generally associated with the presence of ancient recycled crustal materials in the mantle source. In particular, Floreana lavas are most commonly compared to a HIMU source (high-µ = high 238 U/ 204 Pb) due to an enrichment in radiogenic Pb isotopes, despite radiogenic Sr atypical of HIMU values (Harpp et al. 2014 Pb/ 204 Pb ratio, which are generally characteristics of an enriched mantle (EM) component. Lavas collected from other islands and the submarine platform in the Galapagos have intermediate chemical compositions suggesting widespread mixing of these four end-members throughout the archipelago (e.g., Gibson et al. 2012; Harpp and White 2001) . However, shallow lithosphere processes, such as degassing, fractional crystallization and assimilation of hydrothermally altered material at variable depths, are also invoked to explain the geochemistry of erupted basalts (Peterson et al. 2014 (Peterson et al. , 2017 Saal et al. 2007) .
The limited oxygen isotope data from Galapagos archipelago lavas have shown small regional variations in δ 18 O values despite significant changes in radiogenic isotope signatures. For example, Geist et al. (1998) showed a range of δ 18 O olivine = 4.84-5.24‰ for plagioclase phenocrysts from the volcanoes of Isabela (excluding Ecuador Volcano), Fernandina and one sample from Floreana (Online Resource 1). The fractionation factor, Δ plagioclase-olivine of ~ 0.6‰, was used to convert δ 18 O plagioclase to δ 18 O olivine to facilitate the direct comparison of literature data with our results. This fractionation factor was chosen based on sample GI92-18, for which plagioclase (Geist et al. 1998 ) and olivine mineral separates (this study) measured for both oxygen isotope compositions show a fractionation of 0.6 ± 0.17‰. Moreover, the study of Geist et al. (1998) concluded that: (1) magmas in the western Galapagos are derived from a source with almost homogenous δ 18 O values, within ± 1σ of MORB; (2) there is little evidence indicating assimilation of hydrothermally altered crustal material (Geist et al. , 1998 O olivine = 4.9-6.7‰) differ from those of MORB Muehlenbachs and Byerly 1982 Fig. 1 Map of the Galapagos archipelago with prominent features labeled. Scale bar and bathymetry color scale are included on the left side on the map. Volcanoes where olivine grains were collected are indicated by symbols used for geochemical plotting. Individual samples are generally collected from several flows as is show by the locations included in Online Resource 1. Map created using GeoMapApp http://www.geoma papp.org (Ryan et al. 2009) crystallization, including magnetite crystallization, and hydrothermal alteration.
In this study, we present new δ 18 O values of olivine phenocrysts collected from subaerially erupted lavas across the Galapagos archipelago, which show a larger range of δ 18 O olivine values than previously found in the Galapagos. The combination of the new δ
18
O olivine values with published geochemistry of the same lavas from which the olivine grains are derived (Kurz and Geist 1999; Saal et al. 2007 ), show a more widespread effect of melt-lithosphere interaction than previously suggested.
Methods
Coarse olivine grains (≥ 1 mm in size) were separated from their rocky matrix and rigorously cleaned by ultrasonication in ethanol to remove adhering matrix materials and then dried. Grains were then hand picked under a binocular microscope to ensure they were free of inclusions, alteration, or surface discoloration. Approximately 1.5-2 mg of olivine was used per analysis. Oxygen isotope analyses were conducted at the California Institute of Technology using CO 2 -laser fluorination techniques [Saal et al. (2007) ; Kurz and Geist (1999) (Cullen et al. 1989; Geist et al. 2005; Gibson et al. 2012; Harpp et al. 2014; Reynolds and Geist 1995; White et al. 1993 (Eiler et al. 2000a, b; Sharp 1990; Valley et al. 1995) . Measurements of Gore mountain garnet (UWG, 2-4 times per day) and San Carlos olivine (SCO, 2-6 times per day) were interspersed with measurements of unknown samples. Standards yielded δ 18 O values of 5.78 ± 0.09‰ (UWG, n = 22) and 5.29 ± 0.07‰ (SCO, n = 27), within the analytical uncertainty of the accepted values of UWG (5.80‰) and SCO (5.25‰) (Eiler et al. 2000a, b; Valley et al. 1995) . All standard deviations are 1σ and refer to long-term reproducibility of raw measurements. All δ 18 O olivine values for unknown samples on a given day were corrected by the difference between the measured and accepted values for standards on that day. Grain separates were completely reacted with yields of greater than 95% for each measurement and, where possible, duplicate measurements (2-3) were performed on each unknown sample with 1σ standard deviations typically less than 0.1‰ (standard deviations for each sample is reported in Table 1 ). Geochemical data, sample descriptions and sample locations can be found in previously published literature as well as Online Resource 2 (Kurz and Geist 1999; Saal et al. 2007) .
Results
Oxygen isotope compositions of olivine grains are presented in Table 1 . The δ 18 O olivine values of all samples measured define a larger range ( Fig. 2; 4 .74-5.40‰) than previously reported for basaltic lavas from the Galapagos (Geist et al. 1998) , as well as the range of pristine olivines from "normal" mantle (5.2 ± 0.2‰; Mattey et al. 1994 
Discussion

Fractional crystallization and partial melting
Low or moderate degrees of basaltic fractional crystallization typically result in relatively small changes in δ 18 O values of residual melts, because common crystallizing phases have both positive (e.g., plagioclase) and negative (e.g., olivine and magnetite/spinel) oxygen isotope fractionation factors (Δ) between minerals and magma (Δmineral-magma = δmineral − δmagma, e.g., Bucholz et al. 2017; Chiba et al. 1989; Cooper et al. 2004; Eiler 2001; Harris et al. 2000) . To test expected effects of fractional crystallization on δ 18 O values of the basaltic magmas in a closed system, two liquid lines of descent (LLDs) have been calculated assuming two parent melts (Fig. 3) , one of which is trace element and volatile depleted (green line) and the other trace element and volatile enriched (red dashed line), using PetroLog3 (Danyushevsky and Plechov 2011) . The major element compositions of the two parent melts are represented by two high MgO melt inclusions: (1) a high MgO melt inclusion hosted in an olivine grain from Santiago Island having a MORB-like trace element composition; and (2) an olivine-hosted melt inclusion from Fernandina Island with a trace element-enriched composition (Table 2) . Table 1 Results of analysis for oxygen isotope compositions of olivine grains from subaerial lavas collected across the Galapagos archipelago Number of analyses per sample ranged from 2 to 3, except in the case of GI92-8, which is based on a single analysis. Refer to Saal et al. (2007) , Kurz and Geist (1999) These isobaric LLDs were calculated at 2 kbar in a closed system. The pressure of 2 kbar was chosen, based on an average entrapment pressure of high MgO melt inclusions in olivines collected from Fernandina and Santiago; changing the pressure between 0.5 and 4 kbars does not change the interpretation of our results. As shown in Fig. 3 , the LLDs calculated using these two compositions closely follow the evolution trend of most lavas from Galapagos in MgO-TiO 2 space ( Fig. 3a ; additional major element diagrams can be found in Online Resource 2). Although there is variation between volcanoes in age, volcanic structure, and pressure of crystallization, these models provide end-member cases for the expected δ 18 O variations of olivines in all lavas from Galapagos.
Historically, the calculation of δ 18 O variation during crystal fractionation was done using simple Rayleigh fractionation (e.g., Harris et al. 2000; Muehlenbachs and Byerly 1982; Taylor and Sheppard 1986; Epstein 1962) . However, this calculation requires the assumption that equilibrium fractionation factors (α) between minerals and melt are constant during the course of crystallization. This assumption does not take into account the effects of changing temperature, composition, and crystallizing assemblage on fractionation factors, and thus, only generates a first-order estimate of δ 18 O variation during crystal fractionation. Therefore, the model described in Bucholz et al. (2017) is used to calculate δ 18 O variations during crystal fractionation. This model treats melt as a weighted sum of its normative mineral constituents, which change with changing melt compositions and crystallization (Eiler 2001) , while also accounting for the effects of temperature on equilibrium fractionation factors. This model better approximates the conditions found in nature and provides a more rigorous estimate of how crystal fractionation will affect oxygen isotopes (Results reported in Online Resource 3). The initial δ 18 O olivine values of the crystallizing melt (Table 2) were chosen to coincide with the δ 18 O values of olivine taken from whole rocks with equivalent MgO contents (Fernandina: NSK97-215, Santiago: NSK97-238) to the melt inclusions on which initial melt compositions are based (see Table 2 for further description of the compositions). Changing this initial value does not change the trajectory of the LLD for δ 18 O. The calculations show that for up to 75% crystallization, the δ 18 O values of olivine in equilibrium with the crystallizing melt can only be expected to change by a maximum of 0.17‰, which inadequately addresses the range in δ 18 O olivine of the samples of this study. This is consistent with recent modeling, for relatively anhydrous basaltic melt, that appreciable change in the δ 18 O value of the melt does not occur until > 80% fractional crystallization (Bucholz et al. 2017) . The largest ranges in δ O olivine values for individual samples. Additional major element plots can be found in Online Resource 2. Major element data for lavas associated with the δ 18 O of olivine phenocrysts were reported in Saal et al. (2007) . Superimposed on the data are predicted liquid lines of descent (LLD) for olivine (olv) − olv + plagioclase (plag) − olv + plag + clinopyroxene (cpx). Calculations were performed with PetroLog3 (Danyushevsky and Plechov 2011) isobarically at 2 kbars (changing the pressure from 0.5 to 4 kbars does not change the interpretation of the results) using two different starting compositions and using reported partition coefficients for trace elements (Bedard 2006; Halliday et al. 1995) , which can be found in Table 2 . Red, dashed LLD is calculated from an enriched Fernandina composition (AHA D25C-3-43), while green LLD is calculated from a depleted Santiago composition (STG06-29-06). Tick marks indicate 10% crystallization of the liquid. LLDs for δ 18 O olivine values were calculated using the model of Bucholz et al. (2017) , which treats a melt as a mixture of its normative minerals to calculate fractionation factors (see results in Online Resource 3). Errors shown for δ 18 O olivine values are 1σ standard deviation large range in MgO, and δ 18 O olivine values that vary opposite to what is predicted by fractional crystallization.
Variations in the degree of partial melting are also not predicted to appreciably increase the δ 18 O values of tholeiitic melt by more than ~ 0.1‰ (Eiler 2001) . Large changes in δ 18 O values due to partial melting are the result of an increasing normative albitic component in the melt, which causes δ
18 O values to increase and only becomes a concern at very small degrees of melting (< 1%). In this study, the whole rocks do not show trace element characteristics consistent with such a low degree of partial melting (Saal et al. 2007 ). Lavas from Wolf Volcano tend to have Sm/Yb and La/Yb values similar to those from incompatible trace element-enriched components such as Fernandina, but are isotopically more similar to those from Genovesa. These characteristics are attributed to low-degree melts from a depleted mantle source (Geist et al. 2005) . The δ 18 O values of olivines from Wolf Volcano are slightly lower than those of normal upper mantle values (4.89 ± 0.04‰ vs. 5.2 ± 0.2‰), opposite to what would be predicted by low degrees of melting. In addition, melts from Floreana tend to be alkalic and also more characteristic of lower degrees of melting. However, Floreana shows δ 18 O olivine values in the mantle range. This is again exactly the opposite to what would be predicted for the effect of a low-degree melt on the δ 18 O values of melt. Therefore, fractional crystallization and partial melting are not the major factors controlling δ 18 O variation in the Galapagos archipelago. Koleszar et al. (2009) c Gabbro composition is from Hart et al. (1999) . Sr isotope is set to be equal to both Genovesa and Fernandina to simulate a gabbro created at the GSC and one created in the Galapagos platform. Both a δ 18 O = + 1.7 and + 4.0‰ are tested to see relative amounts of assimilant needed (Alt and Honnorez 1984; Gao et al. 2006; Thirlwall et al. 2006 He olivines from Baffin Island (Kent et al. 2004 ). Generally, the entire range in δ 18 O olivine measured in the Galapagos is much narrower than is seen in other OIB (Measurements all converted to δ 18 O olivine ; Fig. 4 ; Online Resource 4). This indicates that the Galapagos mantle has a relatively homogenous δ 18 O value, which is at the lower end of the range observed for normal upper mantle olivine. Oxygen isotope fractionation between minerals and water is temperature-dependent. As a result, low-temperature (< ~ 200 °C) hydrothermal alteration by seawater with an initial δ 18 O = 0 leads to 18 O-enrichment, while high-temperature alteration (> ~ 300 °C) leads to 18 O depletion of the oceanic crust relative to unaltered basalts (e.g., Alt and Bach 2006; Alt and Honnorez 1984; Gao et al. 2006; Gregory and Taylor Jr 1981; Lecuyer and Fourcade 1991; Muehlenbachs 1998; Muehlenbachs and Clayton 1976; Stakes and Taylor Jr 1992; Taylor and Forester 1979) . The assimilation of different parts of the oceanic crust or entrainment of recycled crustal components into the mantle source, as a result, can potentially lead to δ 18 O variations either higher or lower than normal mantle values (Gaffney et al. 2005; Garcia et al. 1998; Genske et al. 2013; Valley et al. 1998; Wang et al. 2003 Wang et al. , 2010 Wang and Eiler 2008) .
The island of San Cristobal, which has the highest δ 18 O olivine values measured here, is identified by Saal et al. (2007) as having interacted with plagioclase-rich cumulates during melt transport through the oceanic lithosphere. This is indicated by positive Sr, Ba, K and Eu anomalies on a primitive mantle-normalized trace element diagram, because these elements are difficult to fractionate from other trace elements with similar incompatibility without the presence of plagioclase. The association between δ 18 O olivine values and chemical indices of plagioclase suggest a connection between assimilation of crustal material and changes in δ 18 O. Gabbro pairs from ODP hole 735b that have large values for Sr/Sr* and Ba/Nb, due to the presence of plagioclase cumulates, show an increase in δ 18 O olivine values going from fresh to altered ( fresh and altered rocks selected from the same core section and igneous unit of a selection of the 735B ODP core. The level of low-grade alteration apparent in hand sample determined the freshness of a given rock. Our data show a similar weak positive variation between increasing δ 18 O olivine values and trace elements that indicate the assimilation of altered plagioclase cumulates (Fig. 5) . San Cristobal, in particular, shows the greatest evidence for assimilation, with Sr/Sr*>1, high Ba/Nb and the highest δ 18 O olivine values of the samples of this study. San Cristobal also has unusually high Al 2 O 3 at a given MgO compared to other samples from the Galapagos (Online Resource 2) consistent with the assimilation of plagioclase cumulates.
Samples from Floreana also show a high Ba/Nb ratio. However, Floreana possesses a unique geochemical signature that includes enrichments in many fluid mobile (i.e., Rb, K, Pb, Sr) and immobile elements (Ta, Nb, Th, Zr) in addition to a uniquely enriched isotopic signature, more suggestive of a recycled, partially dehydrated ocean crust (Harpp et al. 2014 ). The high Ba/Nb ratio with an average Sr/Sr* and δ 18 O olivine values within the mantle olivine range is therefore consistent with the Ba/Nb ratio in the Floreana samples being a mantle signature as opposed to the indication of assimilation it is in San Cristobal.
If the high δ 18 O olivine values are due to the presence of recycled crustal components, there should be a correlation between δ 18 O olivine values and radiogenic isotope compositions of host lavas, which is not observed. As previously stated, the basalts that define the end-members of the radiogenic isotope space in the Galapagos, which includes Floreana, contain phenocryst olivine with generally intermediate δ 18 
O values lower than normal upper mantle
In other cases, correlation between radiogenic isotope and δ 18 O values outside the typical upper mantle range for ocean island basalts has been explained by the presence of recycled, hydrothermally altered materials in the mantle source (e.g., Cooper et al. 2004; Day et al. 2009 Day et al. , 2010 Eiler 2001; Skovgaard et al. 2001; Wang et al. 2010; Workman et al. 2008) . As a result, in the Galapagos, one would expect that the most extreme δ 18 O olivine values would be found in lavas from Floreana or Pinta, as the HIMU source and EM source, respectively, are thought to contain recycled materials resulting in a unique δ 18 O value for the source (Alt and Bach 2006; Eiler 2001; Gao et al. 2006; Muehlenbachs 1998 ; (Fig. 3, Online Resource 2 ). Assimilation will often occur concurrently with fractional crystallization, because precipitation of olivine is accompanied by a release of the heat of fusion which can supply energy for assimilation (e.g., DePaolo 1981). Lavas from these volcanoes, however, do not show trace element or radiogenic isotope characteristics that can unambiguously prove that assimilation occurred in these samples.
Direct assimilation of seawater, while a plausible source of low δ 18 O values, is unlikely due to the limitations of introducing H 2 O directly into the magma. Water can only be directly introduced to a body of magma with grain boundary diffusion through the oceanic crust that progresses up a thermal gradient (Taylor and Sheppard 1986) . This process would be slow and H 2 O would likely have gone through an isotopic shift by the time it reached the magma that would be difficult to predict.
The assimilation of meteoric water-altered volcanic edifice, where precipitation is part of an active hydrothermal system, can lower the δ 18 O value of lavas, without affecting trace or radiogenic isotopes of melt moving through the edifice (Gao et al. 2006; Thirlwall et al. 2006; Wang and Eiler 2008) . This is illustrated in some Hawaiian lavas where no correlation was found between δ 18 O olivine and radiogenic isotope composition of olivine-hosted lavas. Instead, a relationship was found between lower δ 18 O values in olivine and their collection in areas of greater precipitation (Wang and Eiler 2008) . Assimilation of an altered edifice would at most produces a small change in the radiogenic isotope and trace element signature of the melt. In addition, Sierra Negra, Ecuador, Wolf, Alcedo, and Darwin volcanoes are characterized by large calderas, shallow magma chambers and hot hydrothermal activity, which could result in assimilation of an altered edifice. However, the Galapagos, a sub-tropical archipelago, has historically had a much drier climate than Hawaii, with recent annual rainfall over a 10 years period an order of magnitude lower than the high precipitation areas of Hawaii (Grant and Boag 1980) . A combination of paleogeographic and paleoclimate reconstructions with hydrogeologic analysis of the archipelago also show that the main islands have remained subaerial since their emergence and that the arid climate of the Galapagos, in comparison to Hawaii, has been consistent over the last 100,000 years to possibly several million years (Bush et al. 2010; Geist et al. 2014; Kurz and Geist 1999; Lea et al. 2006; Trueman and d'Ozouville 2010; Violette et al. 2014) . Though climate has varied cyclically with wetter ENSO events punctuating the climate record, the Galapagos lacks the persistent fluvial erosions and well-developed hydrogeologic cycles of more tropical localities. The result is a generally less altered edifice and a decreased effectiveness in the assimilation of this edifice to explain the low δ 18 O values of the basalts of this study.
In Santa Cruz, as is common in the Galapagos, there is a measurable difference in the precipitation across the island with the humid highlands' potential precipitation reaching over 1000 mm in the same month the dry lowlands receive less than 100 mm (Grant and Boag 1980; Violette et al. 2014) . This difference is consistent throughout the year. Two of the three samples were collected in the dry lowlands of the island (area of low precipitation), while one sample was collected in the humid highlands (area of greatest precipitation) (Online Resource 1; Kurz and Geist 1999; Saal et al. 2007; Trueman and d'Ozouville 2010) . The sample collected in humid highlands shows the highest δ 18 O olivine value in contrast to what would be predicted if the source of the low-δ 18 O lavas in the Galapagos were the result of assimilation of an altered edifice. This is also the opposite result to the effect where higher elevation areas produce low-δ 18 O precipitation. In addition, olivines from Santa Cruz, based on the major element chemistry of their host lavas, come from very primitive melts (MgO = 9.72-11.4 wt%). This would seem to exclude shallow assimilation of the edifice as the cause for the large range in δ 18 O olivine values of these samples.
Alternatively, high-temperature seawater-altered gabbro from the lower oceanic crust can impart a low-δ 18 O value to the melt (Alt and Honnorez 1984; Bindeman et al. 2008; Gao et al. 2006; Gregory and Taylor Jr 1981; Hansteen and Troll 2003; Kent et al. 2004; Lecuyer and Fourcade 1991; Muehlenbachs 1986; Stakes and Taylor Jr 1992; Taylor and Forester 1979; Thirlwall et al. 2006) . To test assimilation of high-temperature, hydrothermally altered gabbro on the δ 18 O value of Galapagos melt, we generated a simple AFC model (DePaolo 1981) using the compositions of the enriched and depleted melt inclusions used in the fractional crystallization model described above to represent initial melts, and a hydrothermally altered gabbro composition having two different δ 18 O and 87 Sr/ 86 Sr values as the possible assimilants ( Fig. 6; Table 2 ). The enriched melt composition is set to have an initial δ 18 O value equal to the average olivine values converted to melt measured for Fernandina, Floreana and Pinta (5.42‰), while the depleted composition (melt inclusion STG06-29-06 collected on Santiago Island) is simply set to the δ 18 O value of the sample from Santiago also converted to a melt value (5.45‰), to simulate how a normal mantle melt in the Galapagos may acquire a low-δ 18 O value. The trace element values for the enriched and depleted melts are set by the values of the melt inclusions used for modeling fractional crystallization (Koleszar et al. 2009 ). The isotopic values of the starting compositions, however, are equal to the isotope value of a Sierra Negra and Santa Cruz melt with low δ 18 O values, , to model how the δ 18 O value of an enriched and depleted composition could change without changing the radiogenic isotope composition of the melt significantly. The ratio of the rate of assimilation to the rate of crystallization ["r" in the equations of DePaolo (1981) ] used in the modeling is varied between 0.25 and 0.75. In general, assimilation occurring at ocean island basalts has been successfully modeled within this range of r (e.g., Gaffney et al. 2004; Genske et al. 2013; Wang and Eiler 2008) . The gabbro composition (composition Bp; Hart et al. 1999 ) uses both a minimum δ 18 O value (+ 1.7‰) found for hydrothermally altered gabbros and an average δ 18 O value (+ 4.0‰) of gabbroic xenoliths from the lower oceanic crust (Hansteen and Troll 2003; Stakes and Taylor Jr 1992; Thirlwall et al. 2006) . These values were chosen to simulate a range of δ 18 O values that could be found in hydrothermally altered gabbro and that could also effectively lower the δ 18 O value of Galapagos melt. The 87 Sr/ 86 Sr value of the gabbro being assimilated is set equal to both the average of Genovesa lavas (depleted MORB-like component in the Galapagos) to simulate crust generated at the GSC away from the plume, as well as the isotopic (Table 2) , as in Fig. 3 . The composition of the assimilant is set to that of an unaltered protolith-lower crustal gabbro composition (Bp; Hart et al. 1999) O olivine values for all the models with an enriched starting composition and the models for a depleted starting composition that assimilate a material with δ 18 O = 1.7‰. All successful models take between 5 and 32 wt% assimilation/fractional crystallization to produce the extent of the data, with an r = 0.75 needing the least amount of assimilation/fractional crystallization ratio (5%). While 32 wt% assimilation/ fractional crystallization would produce a measurable change in the major element composition of the melt that is generally not seen in the Galapagos, assimilation of up to 15 wt% is reasonable to expect and has been invoked to explain trace element variation in MORB and OIB melts (Bindeman et al. 2006; Coogan et al. 2003; Sobolev et al. 2000; Wanless et al. 2010 Fig. 6 ). For the two δ 18 O values considered, a gabbro with a lower δ 18 O (1.7‰) creates a slightly more hyperbolic trend, meaning that as δ 18 O olivine values decrease, there is a small relative change in both isotopic compositions and trace element concentrations of a given melt. In general, results of our modeling show that assimilating a hydrothermally altered gabbro can reproduce the trace element concentrations and isotopic compositions of the data of this study with δ 18 O olivine values below that of normal upper mantle.
The widespread effect of interaction between melt and shallow hydrothermally altered crust has been previously documented in the Galapagos using other geochemical indices (Peterson et al. 2014 (Peterson et al. , 2017 Saal et al. 2007 ). For example, the samples from Wolf and Darwin volcanoes and Santa Cruz all have higher Al 2 O 3 contents than what would be predicted by fractional crystallization, consistent with assimilation of oceanic gabbro (Saal et al. 2007 ). Also, the large range in Cl and H 2 O contents in the submarine glass chips collected from the Galapagos is attributed to assimilation (Peterson et al. 2017) . As a result, it seems likely that the δ 18 O olivine values lower than average upper mantle in the Galapagos are generated by the assimilation of seawater-altered oceanic gabbro in the crust. This precludes the need for a recycled mantle component with an intermediate isotopic composition and low δ 18 O values in the mantle of the Galapagos.
Distribution of δ 18 O in the Galapagos
The proximity of the upwelling Galapagos plume to both ridge segments and a fracture zone of the GSC result in variable lithospheric thickness across the archipelago. The plume column has been seismically imaged at depth to be upwelling under the southwestern part of the archipelago (Villagomez et al. 2007 (Villagomez et al. , 2011 (Villagomez et al. , 2014 . Between approximately 150 and 80 km depth, the plume column tilts towards the east and the GSC, leading to a strong plume influence on the geochemistry of the ridge, centered at the 91°W fracture zone (e.g., Schilling et al. 2003) . This hot, plume upwelling in the southwestern part of the archipelago fosters deep melting and a high melt flux, resulting in a thick, high velocity lid under Fernandina and Isabela that thins in the direction of the GSC and towards the east (Villagomez et al. 2014) . The location of the plume column, as a result, leads to a thinner lithosphere underneath Floreana, Santa Cruz, Santiago and Pinta in comparison to that underneath Fernandina and Isabela. East of the fracture zone, the influence of the plume on the thickness of the lithosphere is greatly reduced. Both seismic and gravity data predict a thinner, weaker lithosphere for the eastern islands such as San Cristobal (Feighner and Richards 1994; Villagomez et al. 2007 Villagomez et al. , 2011 Villagomez et al. , 2014 . The age of each of the islands in the Galapagos is difficult to determine absolutely due to the lack of exposed outcrop. In general, the oldest lavas are covered by younger eruptions and the historically arid climate of the Galapagos means that older flows are never exposed in valleys ). Lavas as old as 2.35 Ma, however, have been measured in San Cristobal in one of the eastern most extents of the archipelago (White et al. 1993 ). As such, the age of the islands generally increases to the east, resulting in older and more hydrothermally altered lithosphere with increasing distance from Fernandina (White et al. 1993) .
Distance from Fernandina, and therefore age, is a good predictor of the type of interaction that is affecting the δ 18 O olivine values of the samples of this study (Fig. 7) . The largest ranges and lowest values are generally found in the samples from Fernandina and the volcanoes of Isabela, where the thick, young lithosphere and well-established magma chambers (evidenced by the large calderas of these volcanoes) leads to melt/crust interaction at a depth of up to 10 km (Gibson and Geist 2010; Gregory and Criss 1986; Muehlenbachs 1986; Reynolds and Geist 1995) . In comparison, average δ 18 O olivine values increase with increasing distance from Fernandina, as the lithosphere becomes older, colder and more susceptible to alteration that produces heavy δ 18 O olivine values. Though the δ 18 O olivine values of samples from San Cristobal are within the bounds of the normal mantle range, these samples are the highest values found in the Galapagos as well as the oldest and furthest from Fernandina. As a result, lithospheric thickness and age is generally correlated (R 2 = 0.6) with the direction of δ 18 O variation away from average mantle values.
Conclusions
New oxygen isotope data measured in 23 groups of olivine grains taken from 12 different volcanoes/islands in the Galapagos archipelago show a larger range in δ 18 O olivine values than previously measured. The main non-MORB isotopic mantle end-members in the Galapagos (Fernandina, Floreana, and Pinta) show δ 18 O olivine values (5.02 ± 0.08‰) within the range of olivine from the upper mantle to just below. Generally, δ 18 O olivine values do not correlate with radiogenic isotopes, which indicates that variation in δ 18 O olivine values is more likely due to interaction of melt with crustal, hydrothermally altered material than the presence of anomalous δ 18 O components in the mantle source. This is corroborated for δ 18 O olivine values at the upper end of the accepted mantle limit by the trend of increasing Sr/ Sr* and Ba/Nb ratios, indicating the assimilation of plagioclase cumulates, with increasing δ 18 O olivine values. Thus, the high-δ 18 O olivine values of San Cristobal samples (maximum = 5.40) are most likely the result of the interaction with plagioclase cumulates. The δ 18 O olivine values of Sierra Negra, Alcedo, Darwin, Wolf and Ecuador volcanoes that fall below the mantle limit (4.85 ± 0.1‰) do not exhibit geochemical characteristics indicative of plagioclase assimilation, which makes it difficult to unambiguously identify the cause of the low-δ 18 O lavas in the Galapagos. However, assimilation of gabbros hydrothermally altered at high temperature (δ 18 O = + 1.7/4.0‰) can produce the low values for δ 18 O olivine without significantly changing the trace element or radiogenic isotope composition of the melt. In addition, assimilation of hydrothermally altered material is consistent with Cl contents of basalts previously measured in the Galapagos. The distribution of δ 18 O olivine values, with those that fall below the normal mantle range generally occurring in the southwestern part of the archipelago, and the upper range in δ 18 O olivine values occurring in the east, is consistent with δ
18
O olivine values increasing with distance from Fernandina, and therefore the predicted variation in lithospheric thickness, and age. These results show that interaction with the crust is a widespread phenomenon in the Galapagos archipelago and should be considered when inferring mantle geochemistry of lavas erupted at the surface. O olivine values for each island or volcano. Age based on results reported in White et al. (1993) for each island or volcano, not specifically from the samples measured for oxygen isotopes. Notice the general increase in δ 18 O olivine values with increase in both parameters (R 2 = 0.6)
